Abstract
leads to mitochondrial heteroplasmy and the progressive ageing phenotype. Contrary to 23 this, bats are the longest lived order of mammals despite their small size and high metabolic 24 rate. To investigate if bats exhibit increased mitochondrial heteroplasmy with age as 25 predicted by the FRTA, we performed targeted, deep sequencing of mitogenomes and 26 measured point heteroplasmy in wild, long lived Myotis myotis as they age. 27 
Results

28
In total, blood was sampled from 195 individuals, aged between <1 and at 6+ years old, and 29 whole mitochondria were sequenced, with a subset sampled over multiple years. The 30 majority of heteroplasmies, 77.6%, were at a frequency below 5%. Oxidative mutations 31 were not the primary source of heteroplasmies and present in only a small number of 32 individuals, likely representing local oxidative stress events. There was a significant positive 33 correlation between age and heteroplasmy, with a rate of increase of 0.13 sites per year. 34 Longitudinal data from recaptured individuals show heteroplasmy is dynamic, and does not 35 increase uniformly over time. 36 
Conclusions
37
We show that bats do not suffer from the predicted, inevitable increase in heteroplasmy 38 which underscores the FRTA. Most heteroplasmies were at low frequency and are primarily 39 transitions. Heteroplasmy increased with age, however how this contributes to ageing is 40 3 unclear, as heteroplasmy was dynamic, questioning its presumed role as a primary driver of 41 ageing. 42 
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Longevity, Mitochondria, Bats, Mutation, Oxidative stress 44 45 Background 46 The mitochondrion in mammals harbours a ~16.5kb, circular chromosome, or mitogenome. 47 Across vertebrates the mitogenome shows a conserved gene content and synteny, 48 containing 13 protein coding genes, 2 ribosomal RNA genes, 22 transfer RNA genes and a 49 control region. Protein coding genes encode essential subunits of the electron transport 50 chain (ETC) complexes, while the tRNA and rRNA genes encode components of the 51 mitochondrial translation machinery. The mitogenome is maternally inherited, is non- 52 recombining and has a higher mutation rate than the nuclear genome [1, 2] . These 53 properties have made it an attractive study locus for phylogenetics, population genetics and 54 forensics. The mitochondria have also been the focus of ageing research since the 1950s due 55 to their central role in the "Free Radical Theory of Ageing" [3] . 56 The Free Radical Theory of Ageing (FRTA) states, through normal mitochondrial function, 57 reactive oxygen species (ROS) are generated which damage biomolecules leading to 58 mitochondrial dysfunction [3] . ROS are generated when electrons leak from the ETC and 59 reduce oxygen in the absence of hydrogen cations. The mitogenome was once thought to 60 be particularly susceptible to oxidative damage due to its lack of protective histones and 61 close proximity to the ETC, though it is now known that the mtDNA is not naked. Rather, the 62 4 mtDNA and the TFAM protein compact to form DNA-protein aggregates, called nucleoids, 63 which in mammals typically contain a single mitogenome [2, 4, 5] . These oxidative 64 mutations become hardcoded in the mitogenome, leading to production of mutated ETC 65 components, and mitochondrial dysfunction. Increased mitochondrial dysfunction gives rise 66 to greater ROS production, which cause greater dysfunction in a "vicious cycle". This gradual 67 accumulation of heteroplasmy and dysfunctional mitochondria is thought to give rise to the 68 familiar progressive, ageing phenotype [5] [6] [7] . 69 Mitochondrial heteroplasmy is the presence of multiple non-identical mitogenomes in a 70 single individual [8] . Mitogenomes may vary in length or at single nucleotides, referred to as 71 length and point heteroplasmy respectively. Heteroplasmy plays an important role in 72 mitochondrial disease, cancer and ageing [7, [9] [10] [11] . Once thought to be extremely rare in 73 human populations, recent next generation sequencing efforts have found extensive 74 heteroplasmy in healthy individuals [12] . These heteroplasmies are predominantly at low 75 frequency, enriched for pathogenic mutations, and show tissue and allele specific patterns 76 [13] [14] [15] . As the mitochondrial genome is maternally inherited, studies of mother-child pairs 77 have shown that maternal age at conception is positively correlated with levels of 78 heteroplasmy [16] . More generally, levels of heteroplasmy have been shown to increase 79 with age in humans, and contribute to debilitating age related diseases, as well as 80 developmental disorders such as autism [10, 13, 15, 17] . 81 The correlated increase in low level heteroplasmies with age in humans seems to support 82 the FRTA. However, human studies have shown a lack of oxidative transversions but instead 83 show transitions are the primary source of mtDNA mutations [13, 15, 18] [34, 35] This energy intensive form of locomotion requires an extremely high metabolic rate.
106
During flight the metabolic rate in bats is up to 3 times higher than that of a terrestrial 107 mammal of the same size during exercise [36] . No age assigned 1 between age and number of heteroplasmies (Supp. Figure 4A) , with an average slope 0.0969 251 and ranging from 0.0815 to 0.1237 (Supp. Figure 4B ).
252
Longitudinal analysis of heteroplasmy 253 From the 27 individuals sampled more than once, we were able to obtain samples from 21 Finally, average coverage was calculated for each sample using the depth command in 465 samtools (v0.1.19) [67] . As all variant callers exhibited power below 80% at coverages below 466 1000X (Fig. 2) , samples with an average coverage below this threshold were removed.
467
Heteroplasmy Detection Pipeline
468
The first and last 500 bp of the mitogenome were copied to the opposite ends, to extend 469 the reference and account for circularity of the mitogenome. workflow for a single sample from quality processing through to annotated variants is 485 depicted in Supp. Figure 6 . GNU Parallel (v20170122) [74] was used to parallelise the 486 mapping and processing of SAM and BAM files, markedly decreasing computational time.
487
The number of samples to be run in parallel can be defined by the user.
488
Variant Simulation
489
In order to gauge the sensitivity, accuracy and false positive rate of our bioinformatic 490 pipeline, known variants and Illumina sequence data were generated in-silico using the 491 GemSIM package (v 1.5) [43] . We constructed a primary dataset of n=167 unique individuals of known age and an oldest 521 cohort, divided into cohorts from 0 to 6+, described in Table 1 Heteroplasmy counts through time for 11 individual bats which were sampled 3 or 4 times.
Numbers above each plot indicate PIT number used to identify each individual. Some individuals were extremely consistent while others increased sharply, always followed by a decrease where subsequent samples were available.
Supplementary Figure 1: Results from simulated datasets using different variant callers.
Nine read sets were generated in silico using GemSIM and the M. myotis mitochondrial genome, containing 500 known variants. The heteroplasmy detection pipeline was run on 29 each dataset three times, using a different variant caller, with or without INDEL realignment and base quality recalibration as appropriate. The 27 resulting variant sets were compared to the known set for power, accuracy and false positive rate. A score was given to each set as (Power*Accuracy)*(1-False Positive Rate), and plotted against the expected coverage for the set. LoFreq was the best performing caller and was used for all variant calling on real data. and sequence data), while the yellow documents are generated by default during analyses (extended reference, high quality reads, and variant calls) and grey documents can be generated but are optional (annotated variants). The pipeline can be parallelised, concurrently running a user defined number of jobs.
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